Introduction
Contemporary applications, e.g. medicinal [1] and as single source precursors for nanoparticle generation of metal chalcogenides [2] , complement well-established uses, e.g. as lubricants, in the vulcanization of rubber, as flotation agents, etc. [3] [4] [5] 2 ]. Therefore, it is not surprising that a vast amount of structural data for this class of compound exists as summarized in a number of bibliographic reviews [6] [7] [8] [9] [10] . These prove that an enormous range of structures have been characterized, ranging from zero-to three-dimensional architectures, and their adoption often rationalized in terms of the role of steric bulk of the remote substituents in mitigating secondary M···S interactions [11, 12] , offering a new paradigm in the design of supramolecular assembly [13] [14] [15] [16] . In the context of the present study, the structural diversity of these systems is very well illustrated in the binary cadmium xanthates, Cd(S 2 COR) 2 , where zero-(mononuclear) [17] , one- [18] and two-dimensional [19] [20] [21] [22] [23] [24] aggregation patterns are observed, depending on the bridging propensity of the xanthate ligands. For the cadmium dithiophosphates both zero-(binuclear) [25] [26] [27] and one-dimensional [28] [29] [30] aggregation is found. By contrast to this diversity, the structural chemistry of cadmium dithiocarbamates is remarkably less varied. In the almost 50 years since the original report of the crystal structure of binuclear [Cd(S 2 CNEt 2 ) 2 ] 2 [31] , a large number of related dialkyl species have been described as having the same binuclear structural motif, i.e. with two each of κ 2 -chelating and μ 2 κ 2 -tridentate dithiocarbamate ligands leading to penta-coordinate geometries, regardless of whether the R groups were the same [31] [32] [33] [34] [35] [36] [37] [38] [39] [40] [41] [42] [43] [44] , dissimilar [39, 45] , incorporated within a cyclic system [46] [47] [48] [49] , or whether the compound was co-crystallized with another species [35, 39, 47] , or that the R group carried additional potential oxygen donor atoms [44, 49] . However, this situation changed in 2013 with the report of a coordination polymer, [{Cd[S 2 CN(iPr)CH 2 CH 2 OH] 2 } 3 ·MeCN] ∞ [50] . Further diversity was described in 2014 with the report of a centrosymmetric trinuclear species having an octahedrally coordinated cadmium centre flanked by two square pyramidal centres [51] . For completeness, it is noted that the non-alkyl species, {Cd[S 2 CN(H)R] 2 } ∞ R = n-C 5 H 11 and n-C 12 H 25 , are linear coordination polymers with octahedrally coordinated cadmium atoms [52] .
The linear polymeric [{Cd[S 2 CN(iPr)CH 2 CH 2 OH] 2 } 3 · MeCN] ∞ structure was of particular interest as when it was allowed to stand in the mother liquor over a period of several days it transformed to {Cd[S 2 CN(iPr) CH 2 CH 2 OH] 2 } 2 ·2H 2 O·2MeCN, which has the normally adopted binuclear motif [50] . The conversion from the polymer to dimeric form was proposed to be mediated by adventitious water [50] . These two species are examples of supramolecular isomers (SI) being supramolecular variants of the basic building block Cd[S 2 CN(iPr) CH 2 CH 2 OH] 2 . SI originally referred to the phenomenon whereby distinct supramolecular arrangements are constructed from the same building blocks [53] . While this definition allowed for the presence of additional species such as solvent, a more recent definition refers to "genuine SI" where the molecular formula of each isomer is identical [54] ; for a discussion on SI terminology see [55] . It should be noted that the terms polymorphism/pseudo polymorphism for the above species are excluded as the nature of the Cd-S bonding is quite distinct in the two structures. Several factors are known to influence the formation of SI with the most significant being solvent [56] [57] [58] [59] [60] [61] and temperature [62] [63] [64] [65] [66] but other factors such as guest molecules [67] , concentration of reagents [68, 69] , conformation of molecules [70] , molar ratio of reactants [71] , and pH of reaction [72, 73] . Thermogravimetric analyses were performed on a Perkin-Elmer TGA 4000 Thermogravimetric Analyzer in the range of 30-900 °C at a rate of 10 °C/min.
Synthesis and crystal growth
All reactions were carried out under ambient conditions. The sodium salt of -S 2 CN(iPr)CH 2 CH 2 OH was prepared by reacting NaOH, N-isopropyl ethanol amine and CS 2 as detailed earlier [50] . Crystals of 5 were isolated from a crystallization experiment in a sodium silicate gel. Cd(acetate) 2 ·2H 2 O (0.5683 g, 2.13 mmol) was dissolved in a sodium silicate gel solution (35 mL of 1.03 g mL −1 ). The pH of the solution was adjusted to 6.0-7.0 by 5 M hydrochloric acid. The gel solution was transferred to an 80 mL test tube and allowed to stand overnight. Na[S 2 CN(iPr)CH 2 CH 2 OH] (0.8584 g, 4.26 mmol) dissolved in water (35 mL) was carefully layered on top of the gel. A small number of crystals formed after 1 month. These were formulated as the salt [iPrNH 2 (CH 2 CH 2 OH)]{Cd[S 2 CN(iPr)CH 2 CH 2 OH] 3 } by X-ray crystallography.
As only a matter of a few crystals were obtained for each of 3-5 there was insufficient sample for additional physiochemical characterization.
Crystal structure determination
Single crystal X-ray diffraction data for colourless 1 (0.06 × 0.08 × 0. Crystal data and refinement details are collected in Table 1 . Several of the refinements were non-trivial. In 1, the methylene group of the ethanol molecule was statistically disordered. The ADP for both components of the disorder were constrained to be equal and along with the terminal methyl group to be approximately isotropic. Further, some soft distance restraints were employed for this molecule i.e. C-O, C-C, and O···C(methyl) were refined with 1.47 ± 0.01, 1.50 ± 0.01 Å, and 2.45 ± 0.01 Å, respectively. All acidic protons were found to be disordered over two positions in locations consistent with hydrogen bonding to O atoms.
In the final refinement O-H bond lengths were fixed in their as located positions i.e. 0.83-0.85 Å. Three reflections, i.e. (0 0 2), (−1 0 10) and (−3 0 30), were omitted from the final cycles of refinement owing to poor agreement, i.e. the "error/esd" calculated by SHELXL2014 was greater than 10. Finally, the maximum and minimum residual electron density peaks, Table 1 , were located 0.75 and 0.72 e Å −3 from the Cd1 and Cd2 atoms, respectively. In 2, both the ethanol-and O1-hydroxyethyl-OH groups were statistically disordered; ADP for the chemically equivalent disordered components were constrained to be equal. For the ethanol molecule both O atoms were connected to the same H atom. For the O1-hydroxyl group only one position was found for the hydroxyl-H atom (assigned full weight) based on anticipated O-H···O hydrogen bonding. Four reflections were omitted from the final refinement of 3, i.e. (−6 −5 1), (12 −1 1), (−6 −5 14) and (−2 6 1), again owing to poor agreement. For 4, the O2-hydroxyethyl residue, with the exception of the hydroxyl-H atom, was disordered over two positions in a ratio 0.851(2):0.149 (2) . The ADP of matching pairs of atoms were constrained to be equal and nearly isotropic. Further, chemically equivalent bond lengths were constrained to be nearly equal. The residual electron density peaks, Table 1 , were located 1.46 and 0.67 e Å −3 from the S4 and S5 atoms, respectively. Two low angle reflections were omitted from the final refinement of 5, i.e. (0 2 0) and (−1 0 1), as these were affected by the beam-stop and exhibited poor agreement. The displacement ellipsoid diagrams were drawn with ORTEP-3 for Windows [81] at the 50% probability level and other crystallographic diagrams were drawn with DIAMOND [82] and QMol [83] .
Powder X-ray diffraction
Powder X-ray diffraction (PXRD) data were recorded with a PANalytical Empyrean XRD system with Cu Kα1 radiation (λ = 1.54056 Å) in the 2θ range of 5-40° with a step size of 0.026°. The comparison between experimental and calculated (from CIFs) PXRD patterns was performed with X'Pert HighScore Plus [84] .
Results and discussion

Synthesis and solution characterization
As reported earlier [50] nearly complete after 6 h, Figure 1c . After 3 days there was no evidence for acicular crystals, Figure 1d . Such transformation and change in morphology indicates disassembly of the original crystals and reassembly into the new form [85] .
The IR spectra recorded on freshly isolated crystals presented a very similar pattern of absorptions with minor differences in wavenumbers.
1 H NMR spectroscopy conducted on analytically pure crystals of 1 and 2 were indistinguishable in terms of chemical shifts, integration and multiplicity indicating they have the same chemical composition confirmed by X-ray crystallography (see below). Remarkably, both hydroxyethyl-and ethanol-OH protons appeared as well-defined triplets. Similarly, the 13 C NMR were indistinguishable as were the UV/vis spectra.
The Figure 2b . The Cd-S bond lengths, Table 2 , span a relatively narrow range with the range for the Cd1 atom, i.e. 2.6331(8)-2.7412(9) Å, being wider than for Cd2, i.e. 2.6556(9)-2.7122(9) Å. Distortions from the ideal octahedral geometry can be related to the restricted bite angles of the dithiocarbamate ligands, i.e. 67-68°. The trans-S-Cd-S angles lie in a narrow range i.e. 167-168°. In the crystals of 1 supramolecular chains are formed by O-H···O hydrogen bonding involving the hydroxylethyl-and ethanol-hydroxyl groups with one orientation of these interactions illustrated in Figure 3a ; the geometric characteristics of the intermolecular interactions operating in the crystal structures of 1 and 2 are listed in Table 3 . As the 1-D coordination polymers are connected by hydrogen bonding along both the a-and c-axes so that a 3-D architecture arises, Figure 3b .
As illustrated in Figure 4a , the asymmetric unit of 2 comprises half a molecule of {Cd[S 2 CN(iPr)CH 2 CH 2 OH] 2 } 2 and an ethanol molecule. The full molecule of {Cd[S 2 CN(iPr) CH 2 CH 2 OH] 2 } 2 is generated by the application of a centre of trigonal bipyramidal geometries, respectively [86] . In this description the bridging S4 atom occupies the axial position.
The most prominent feature of the molecular packing is the formation of centrosymmetric 12-membered {···HO} 6 synthons with both hydroxyethyl-and ethanol-hydroxyl groups participating in donor and acceptor O-H···O hydrogen bonds, Figure 5a and (6) [31] [32] [33] [34] [35] [36] [37] [38] [39] [40] [41] [42] [43] [44] [45] [46] [47] [48] [49] . In this structure the S1-and S3-dithiocarbamate ligands are κ 2 -chelating and μ 2 κ 2 -tridentate, respectively, resulting in five coordinate geometries based on square pyramidal geometries as seen in the τ value of 0.08 which compares to τ values of 0.00 and 1.00 for ideal square pyramidal and Figure 6 shows simplified representations of the three SI, i.e. the dimer in 2 (and 7), and the linear coordination polymers in each of 1 and 6. The relationships between the SI are quite straight forward. In 2, only one dithiocarbamate ligand forms Cd-S bridges so that a dimeric aggregate is formed. By contrast, in each of 1 and 6, both dithiocarbamates form Cd-S bridges leading to linear coordination polymers. The primary difference between 1 and 6 rests with the relative orientation of the dithiocarbamate ligands. In 1, with crystallographically imposed 2-fold symmetry, the dithiocarbamate ligands are oriented in the same direction whereas in 6, with neighbouring cadmium atoms related by centres of inversion, alternate dithiocarbamate ligands are oriented in opposite directions.
Conversion between SI
Conversion between coordination polymers, including SI, in the solid-state has been reviewed [89] . Examples exist to the formation of layers parallel to (0 2 1), Figure 5b ; layers stack without specific interactions between them, Figure 5c .
Powder X-ray diffraction (PXRD)
PXRD experiments were performed on freshly isolated 1 and 2 and compared with the simulated patterns calculated from the single crystal (SCXRD) experiments measured at 100 K. As both pairs of patterns matched, the SCXRD results are representative of the bulk materials, see Figure S1 of the Supplementary Material. The stability of 1 and 2 with respect to loss of ethanol was also investigated using PXRD. Thus, time-dependent PXRD were measured on freshly harvested crystals and subsequently at 2, 6, 12, and 24 h; the experimental traces are given in Supplementary Material Figure 
Thermal degradation
The TGA traces for 1 and 2 are shown in Supplementary Material Figure S3 . Each decomposes in two well-defined steps to yield CdS. For 1 the desolvation of lattice ethanol occurred in the first step between 57 and 120 °C with a weight loss of 7.1% cf. calc'd. 8.9%. The second step between 120 and 338 °C left a residue of 27.2% cf. calc'd. 28.0% corresponding to CdS; cadmium dithiocarbamates [2, 50] and their nitrogen adducts [87, 88] are known to be excellent synthetic precursors for the deposition of CdS nanoparticles. The corresponding temperature ranges for 2 are 65-149 °C (obs., calc'd. weight loss: 8.0, 8.9%) and 149-356 °C (29.6, 28.0%). The stability of 1 and 2 was also monitored by time dependent TGA where scans were performed on a fresh sample and then at 2, 6, 12, and 24 h; see Supplementary Material Figure S3 . By 6 h, practically all of the lattice ethanol had evaporated, a process that resulted in a change in crystal structure as indicated by the time dependent PXRD study (see above).
Relationship between SI formed from Cd[S 2 CN(iPr)CH 2 CH 2 OH] 2
With the characterization of 1 and 2, there are now three distinct SI derived from the basic building block, Cd[S 2 CN(iPr) CH 2 CH 2 OH] 2 , with the third being the previously reported whereby reversible single crystal single crystal transformations mediated by solvent guests [64, 90] , recrystallization [91] and microwave irradiation/rehydration [92, 93] (7) it was concluded that adventitious water mediated the in situ transformation of 6-7 [50] . In order to investigate if was possible to interconvert the SI, additional experiments were conducted. In these experiments freshly isolated samples (0.1 g) of 1, 2, 6 and 7 were taken up in dry (3 Å molecular sieves) and laboratory grade Emsure ® MeCN or EtOH, covered with parafilm (with a few holes), and allowed to crystallize over 7 days. The resultant crystals were analysed by PXRD (see Supplementary Material Figure S4 ). Figure 7 summarizes the observed conversions between the SI achieved under these conditions.
A reversible transformations between polymeric 1 and 6 was accomplished by recrystallization from dry acetonitrile and ethanol, respectively. When water was present, adventitious or otherwise, 1 could be converted to dimeric 7 but this was reversible in an excess of dry ethanol presumably as the water released from 7 was associated with the bulk solvent; evidence for a small amount of original 7 was seen in the PXRD for the transformation of 7 to 1 (see Supplementary Material Figure  S4e ). Dimeric 2 was mainly (there was also a trace of an unknown species, see Supplementary Material Figure  S4f ) transformed to polymeric 6 in an excess of dry acetonitrile but 6 could not be converted back to 2 by simple recrystallization. Similarly 2 was transformed irreversibly to dimeric 7. A noteworthy observation is that 1, which is thermodynamically unstable with "genuine SI" 2, can be maintained in the presence of MeCN. In summary, the above observations are consistent with the overall preferential formation of dimeric 2 and 7, a result consistent with the literature precedents which overwhelmingly adopt the dimeric motif [31] [32] [33] [34] [35] [36] [37] [38] [39] [40] [41] [42] [43] [44] [45] [46] [47] [48] [49] .
Complementary crystallization experiments
Given the interesting supramolecular isomerism of and interrelationships between 1, 2, 6 and 7, it was thought of interest to explore other crystallizing solvents and techniques to investigate whether other supramolecular isomers could be revealed. In all, three additional compounds, namely 3-5, two of which contain binuclear{Cd[S 2 CN(iPr)CH 2 CH 2 OH] 2 } 2 (3 and 4) and one with the {Cd[S 2 CN(iPr)CH 2 CH 2 OH] 3 } -anion (5), were discovered and these are described in turn below.
Compound 3 was isolated from the slow evaporation of a chloroform extract and is formulated as a 1:2 co-crystal, {Cd[S 2 CN(iPr)CH 2 CH 2 OH] 2 } 2 :2[3-(propan-2-yl)-1,3-oxazolidine-2-thione], with the asymmetric unit comprising half a molecule of the former and a full molecule of the latter, Figure 8a . The binuclear molecule, Figure 8b , is centrosymmetric and to a first approximation exhibits the same features as seen in 2 with the most notable difference being the weakening of the transannular interaction formed by the bridging S2 atom to 3.0448(9) Å, Table 4 , cf. the equivalent bond in 2, Table 2 . This has the result that the eight-membered {CdSCS} 2 ring lacks the internal Cd 2 S 2 square. The reason for this structural difference is not immediately clear but the bridging bond formed by S2 has shortened to 2.5545(11) Å. The oxazolidine molecule is known to be a decomposition/cyclization product derived from the -S 2 CN(iPr)CH 2 CH 2 OH anion [94] , a phenomenon reported for related species [95, 96] , and its molecular structure [94] matches closely that observed in 3 as seen the overlay diagram in Figure 9 .
In the molecular packing, hydroxyl-O-H···O (hydroxyl) hydrogen bonds link the binuclear molecules into supramolecular chains aligned along the a-axis. Connected to either side of the chain via hydroxyl-O-H···S(oxazolidine) hydrogen bonds are the 3-(propan-2-yl)-1,3-oxazolidine-2-thione molecules, Figure 10a and Table 5 . The chains are connected into a supramolecular layer parallel to (0 1 1) via a strong methyl-C-H···O(hydroxyl) and several C-H···S(dithioca rbamate) interactions; see Figure 10b . Presumably the ions are derived from the decomposition and subsequent protonation and oxidation of dithiocarbamate residues, respectively. The neutral species is Tab. 5: Summary of intermolecular interactions (A-H···B; Å, °) operating in the crystal structures of for 3-5. Table 4 . There are no literature precedents [97] for the structure of the cation (see discussion below). The key feature of the supramolecular connections between the components of 4 is the formation of chains along the b-axis sustained by charge-assisted N-H···O(sulfate) and hydroxyl-O-H···O(sulfate) hydrogen bonds, Figure 12a and Table 5 . The neutral molecules are connected to the chain via hydroxyl-O-H···O(ammoniumhydoxyl and sulfate) hydrogen bonds. In this scheme each of the sulfate-O5, O7 and O8 atoms is bifurcated. The result of the aggregation between the chains and neutral molecules is a 3D architecture, Figure 12b .
In Figure 13 . The Cd atom in the anion is coordinated by three dithiocarbamate ligands and forms a relatively narrow range of Cd-S bond lengths, Table 4 , indicating a decidedly more symmetric mode of coordination than observed in 1-4. The coordination geometry is distorted from the ideal octahedral geometry owing to the restricted bite distance of the ligands. The twist angle between the two trigonal faces is estimated to be 38°, compared with 60° in an ideal octahedron, indicating a twist towards a trigonal prismatic geometry. The {Cd[S 2 CN(iPr)CH 2 CH 2 OH] 3 } -anion has precedents in the literature being formed when reacting {Cd[S 2 CNEt 2 ] 2 } 2 with aliphatic Lewis bases [98] [99] [100] .
There are no structurally characterized structures of the cations found in 4 and 5. As seen from Figure 14 , which presents overlay diagrams for the cations, there is great conformational flexibility in these species with the hydroxyl adopting three very distinct conformations when viewed down the CH 2 -CH 2 bond.
In crystals of 5, centrosymmetrically related cations associate via charge-assisted N-H···O(hydroxyl) bonds, forming two interactions to the O4 atom. The dimeric aggregates are linked to anions via charge-assisted N-H···O(hydroxyl) and hydroxyl-O-H···O(hydroxyl) hydrogen bonds, Figure 15a and Table 5 . The anions are linked into supramolecular layers in the ac-plane by (7) with the former transforming into the binuclear compound in the presence of water [50] . The initial appearance of the 1-D coordination polymers is correlated with reduced solubility of these species, and the ultimate appearance of the 0-D binuculear species is correlated with it being the thermodynamically more stable, proven in the case of 1 and 2, and implied in the case of 6 and 7, solvent mediated transformations between 1, 2, 6 and 7, and the appearance of the binuclear species in 1:2 co-crystal {Cd[S 2 CN(iPr)CH 2 (4) . In summary, despite the unvaried structural chemistry for the binary cadmium dialkyldithiocarbamates since the report of the first structure in 1968 [31] , recent studies [50, 51] indicate that varied crystallization conditions and careful observation can reveal fascinating crystal chemistry for this class of compound.
